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lUL' SIC3NAUENHANCEMENTOFSPECTROMETERS 

Vif nrir'^THi7"^TioN 

5 This invention relates to an apparatus and method for 

enhancing the system response o, a photodetector array based 
Spectrometer. 

ff^r-Yop tyt IMP q p THF !|w™tion 

The performanoe of a speotrometer is generally determined by 
10 me signal-to-noise(sm) ratio of the system m the en«re operating spectral 

% range. Ideally, the spectrometer should provide a constant and high S/N 

ratio over the range. However, due to various technical iimimtions in pnor art 
i spectrometers, it has been ve^ difficult or impossible to achieve a constant, 

'2 high S/N ra«o over a wide range mainly because of spectral variations in 

I* 15 available light intensity and spectral variations of detector sensi«vi,y. In 
a scanning type spectrometers, this problem can be at least partially resolved 

With A suitable electronics design, exhibiting a response which may vary 
depending on signal level to secure the best S/N ratio at each 
measurement point. However, in photodetector array based instruments, 
where the complete spectrum is registered simultaneously appiymg 
constant electronic gain, the above approach cannot be used, 
consequently, a new approach to providing a relatively constant and h,gh 
S/N ratio across the entire operating spectral range is needed. 

Accordingly, it is an object of the present invention to provide an 
apparatus and method of enhancing the system response of a 
photodetector based spectrometer* which addresses some of the 

limitations of prior art instruments. 

in one aspect, the present invention provides a method for 
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improving the system response of a photodetector array based 
spectrometer having a main light source with a primary spectral component, 
comprising the steps of. (I) determining a system response curve for said 
spectrometer over said spectrometer's operating spectral range; (il) 
5 identifying at least one spectral band at which the system response curve 
falls below a predetermined value; and (iii) adding at least one secondary 
light source with a secondary spectral component complementary to said at 
least one spectral band identified in step (ii) SO as tO produce a combined 
spectra! output which provides a modified system response curve which is 
10 at or above said predetermined value at said spectral band. 
j¥ In an embodiment of the present invention, the method further 

comprises the Step of filtering said combined spectral output so as to 
reduce peaks In the system respohse curve. 

In another embodiment, the method may further comprise the 
step of masking said photodetector array so as to equalize the system 

response curve. 

In another aspect, the present invention provides a light source 

for a photodetector array based spectrometer, said light source comprising 

a primary light source producing a primary spectral output which results in a 

20 Characteristic system response curve, said light source further Including at 

least one secondary light source producing a secondary spectral 

component which combines with said primary spectral output, whereby. 

said combined spectral output results in a more uniform system response 

curve that is flatter than the system response curve obtained when a primary 

25 light source alone is used. 

in one embodiment, the secondary light source is a 

broadband light source having a shaping filter. 
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In another embodiment, the secondary light source is a narrow 

band light source. 

In yet another embodiment, the narrow band light source is 
selected from the group consisting of a narrow band fluorescent light 
5 source, a light emitting diode, and a laser. 

In a further embodiment, the multiple light sources are 
combined by means of multiple branches of fibre optic bundles. 

Other features and advantages of the present invention will 
become apparent from the following detailed description. It should be 
.3 10 understood, however, that the detailed description and the specific 
examples while indicating preferred embodiments of the invention are given 
y by way of illustration only. Various changes and modifications within the 

y spirit and scope of the Invention will become apparent to those skilled in the 

art from this detailed description. 
I 15 ppiFF pFSCRIPTinN OF TH^ PRAvyiNGs 

13 For a better understanding of the present invention, and to 

show more clearly how it may be carried into effect, reference will be made 
by way of example to the accompanying drawings in which: 

Fig. 1 shows a schematic block diagram of a photodetector 
20 array based spectrometer according to the present invention: 

Fig. 2 shows a graph of a typical system response curve for a 
spectrometer having a silicon photodetector an-ay; 

Fig. 3 shows a graph of a modified system response curve 

achieved with a shaping filter; 
25 Fig. 4 shows a schematic block diagram of a modified 

photod tector array - based spectrometer according to the present 
invention; and 



OCT-1-8--2001 18:16 FROM-Gowl ings Fax 3 



T-950 P. 007/022 F-024 



U 

■O 

a 

m 

o 



-4- 

Figs. 5A-5D show various alternative embodiments for 
combining liglit sources according to the present Invention. 

pFTAf l FP Dgs r.P|pTlQN QP THF INVENTION 

5 As mentioned above, the present inventor has developed an 

apparatus and method of enhancing the system response of photodetector 
based spectrometers. In Fig. 1, a photodetector array based spectrometer 
is shown and generally referred to by reference numeral 10. The 
spectrometer 10 comprises a light source 12. an illumination light 
10 transferring and beam forming first optical component 14, a light collecting 
and transferring second optical component 16, a light dispersing 
component 17. an optional light forming component 18. a photodetector 
y array (PDA) 19 and control 20. 

M In operation, a component or sample 22 is placed between the 

15 light source 12 and the PDA 19 as shown in Fig. 1. The light source 12 
produces light with a broad band spectrum preferably within a given limited 
band width and this light is suitably collected, transferred and formed by the 
first optical component 14 directing the light towards the sample 22. The 
second optical component 16 receives the light after its interaction with 
20 sample 22. forms the light beam and directs it to the spectrum dispersing 
component 17. The light dispersing component 17. possibly with the help 
of an auxiliary optical component 18. sends different spectral component of 
light to different photosensitive elements of the PDA 19. An optional 
spectrum shaping filter 26. shown in dotted outline between the light source 
25 12 and the first optical component 14. can be used to modily the spectral 
composition of light produced by the light source 12. It will be evident to 
those skilled in the art that the filter 26 can be placed in any position 
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between light source 12 and PDA 19. However, the preferred position Is 
between the light source 12 arid the sample 22. Also, an optional mask 28 
Is shown in dotted outline and can be used to masl< the size of the active 
area of particular components (i.e. pixels) of PDA 19. 
5 By comparing the spectrum of light in the presence and 

absence of the sample 22, and by analyzing the relations between the 
spectra, certain information on sample property (e.g. chemical composition) 
can be obtained. Results of the comparison can be presented in different 
ways. For example, a logarithm of the ratio of light intensity registered in the 
10 presence and absence of the sample for each pixel can be calculated. 
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fU Under certain conditions this logarithm may represent the absorbance 



ly characteristics of the sample 22. For this reason, very often, the logarithm is 

'3 simply referred as the absorbance. In the example shown in Figure l, such 

a result may be viewed on an output/display 24. 
15 Now referring to Fig. 2, shown is a graph illustrating a typical 

system response curve 30 for a prior art photodetector array based 
spectrometer. The system response curve 30 is graphed over a spectral 
range from about 580nm up to about lOSOnm. The curve 30 peaks at about 
780nm (Indicated by reference numeral 31). The system response curve 30 
20 Is measured off the left vertical scale which is normalized to 1.000 at the 
peak 31. On either side of the peak 31. the system response deteriorates 
rapidly causing the S/N ratio to drop by a factor of 5 at about 580nm and 
98Qnm on either side of the peak 31. Above 9a0nm, the system response 
degrades even further until the signal, and thus S/N ratio, is very poor and 
25 virtually unusable. 

The practical effect of the system response as presented by 
the curv 30 shown In Fig. 2 Is that the dynamic range, and therefore the 
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measurement precision of the instrument, varies significantly across the 
spectrum. For substances having ah absorption band in the middle of the 
operating spectral range of the instrument, I.e. near 780nm, the absorption 
measurement precision of the instrument would be higher than for 
5 substances with absorption bands near the ends of the spectral range of 
the instrument. 

As mentioned above, one reason for the variation in the 
performance over the operating spectral range is the performance of the 
optical components and sensitivity variation of the photodetector array. 
13 10 Thus, one approach to correcting this system response problem is to use a 
ru suitable spectrum shaping filter 26 and/or mask 28 to achieve a flatter 

iy system response curve across the wavelength spectrum. Such a modified 

system response curve is shown in Fig. 2 and Identified by reference 
numeral 32. Curves 34 and 36 are measured off the right vertical scale and 
|rf 15 characterize the absorbency of component 1 and component 2, respectively. 

jU While a flatter system response can be achieved either by 

I* suitable masl^ing of the PDA 18 and/or modification of the spectral content 

of the light source 12 with a suitable spectrum shaping filter 26, there are 
distinct advantages and disadvantages to this approach. As illustrated by 
20 the modified system response curve 32 shown in Figure 2, the biggest 
disadvantage to using masks and filters is that there is a significant loss of 
light in comparison to the unmodified system response, particularly In the 
central part of the spectmm. This may be problematic when losses of light 
in sample 22 are very large and when even in the central part of the 
25 spectrum the light Intensity is Insufficient to obtain a high quality signal. 
Thus, by trying to flatten the system response, the quality of the signal in the 
parts of spectrum where signal was high can be substantially 
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compromised, and the signal to noise ratio is degraded across a large part 
of the spectrum. 

Now, referring to Fig. 3, the modified system response cun/e 
32 of Figure 2 is shown on an expanded vertical scale with a. normalized 
5 peak 33 occurring at about dSOnm. Also shown in Fig. 3 are absorbance 
curves 34, 36 (measured off of the right vertical scale) for component 1 and 
component 2, respectively, in the example shown in Fig. 3, while the 
modified system response curve 32 varies roughly within a factor of 2 
between approximately 680nm and 1030nm, the system response still 
p 10 degrades very rapidly above 1030nm. Thus, even if an instrument with this 

c5 

lU modified system response curve 32 is able to provide adequate 

],j performance for characterization of the absorbency of component 1 (curve 

34), an Important part of the information for component 2 (curve 36) can be 
missed due to the poor system response above 1030nm. Attempts to 
15 achieve further improvements by using masks and filters becomes 

fU impractical because of even greater losses of light in the wider spectral 

13 

|u, range, resulting in a weaker signal, longer measurement time and reduced 

S/N ratio. 

Recognizing the problems associated with application of 
20 masks and filters, the present inventor has realized that an entirely different 
approach can be used to enhance the perfomnance of photodetector array 
based spectrometers. Rather than relying entirely on the spectrum shaping 
filters 26 to modify the spectral content of the light source 12 by introduction 
of intended spectral losses, and/or masks 28 to modify the signal reaching 
25 the PDA 19, surprising results may be obtained using a completely different 
approach. Specifically, the spectrum produced by the light source 12 can be 
enhanced by adding more light in the spectral areas when the registered 
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signal due to poor system response is not sufTicient. Referring back to Fig. 
2, for example, tliis would mean providing light to boost the signal on either 
side of the peak of curve 30. 

Virtually any light source with a complementary spectrum can 
5 be used for this purpose. For example, the light source can be a broad 
band light source with a suitable shaping filter; or the light source can have 
a limited spectral band like narrow band fluorescent light sources, light 
emitting diodes (LEDs), and lasers. The type of secondary light source may 
be of an type, but the secondary light source(s) should contribute light only 

10 in the band width(s) where signal provided by the primary light source is 
insufficient. For example, for an instrument with the system response curve 
shown in Fig. 2, secondary light sources can be added to contribute light in 
bands below 750nm and above 850nm. 

The use of secondary light sources is illustrated by way of 

15 example in Fig. 4, where a combined light source 40 now comprises a main 



ru light source 12 and at least one secondary light source 12a which can 

compliment the light spectrum of the main light source 12 to achieve a flatter 



system response. 

While adding secondary light sources 12a, etc. can greatly 

20 improve the system response in areas where the signal was low, without 
reducing the signal in remaining parts of the spectrum, it has been realized 
by the present inventor that the combination of the use of secondary lights- 
sources 12a, etc. together with suitable filters 26' and/or masks 28' can be 
used to flatten the resulting system response while minimizing their impact 

25 on remaining parts of the sp drum. In view of the method of the invention it 
is no longer necessary to rely entirely on the filters/masks to achieve a flatter 
response, the filters 26' and/or masks 28' can be chosen to have minimal 
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light loss. Thus, using both methods (i.e. removing light in places where 
the signal is too strong, and adding light where it is too weal<) can be 
combined to obtain the best overall performance of the system. 

As an example, the system with the modified response curve 
32 as shown in Fig. 3 may be Improved by adding secondary light sources 
to compensate for the signal loss around 775nm and above I025nm. 
Then, filters 26' and/or masks 28' can be chosen to flatten any conspicuous 
peaks, which remain In the modified system response curve. Accordingly a 
significant Improvement In performance over prior art instruments can be 



10 achieved. 



fU As mentioned above, there are numerous ways in which two or 

ly more sources can be combined. As shown in Fig. 5A, In some cases 

I J 

sources themselves can be transparent to the light outside their radiation 
band. In this case, light sources can be placed one after the other, i.e. 
15 generally axlally aligned, as represented by primary and secondary light 
sources 12 and 12a in Fig. 5A, In another embodiment, as shown in Fig. 
5B, the primary and secondary light sources 12, 12a can be combined 
using a suitable dichroic mirror 51 after the light from the sources 12, 12a is 
first collected with light collecting elements 52 and 52a and possibly 
20 spectrally modified by means of spectrum shaping filters 26' and 26'a. It is 
possible that, in addition to combining light from the two sources 12, 12a, 
the dichroic mirror 51 may also act as a spectrum modifying element. 

In other embodiments, the dichroic mirror 51 may be replaced 
by a diffraction grating, prism or special holographic element 53 as shown 
25 by way of example In Fig. 5C. 

In som cases, especially when light scattering samples are 
tested, light from different sources can be combined by means of multi 
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branched fiber optic bundles. This is illustrated by way of example in Fig. 
5D, where light from multiple light sources 12a-12d is directed by separate 
optical bundles 54a-54d (or by separate branches of a multiply branched 
fiber optic bundle) and mixed together. The multiple light sources 12a-12d 
5 may be directly coupled to the fiber optic bundles 64a-54d, or light from the 
multiple light sources 12a-12d may first be collected by means of auxiliary 
optical elements 52a-52d. Furthermore, the light from each light source 
12a-12d may be individually filtered by separate filters 26a-26d. Once light 
from the light sources 12a-12d have been combined, the spectrum of mixed 
O 10 light can be additionally modified with another spectrum shaping filter 26 
fU and can be directly (or by means of auxiliary optical system 14) delivered to 

la a sample 22. After interaction with the sample 22, light can be collected in 

^4 any one of many possible means and directed for spectral analysis. 

Jj, While the invention has been particularly shown and described 

15 with reference to certain embodiments, it will be understood by those skilled 
in the art that various other changes in form and detail may be made without 
departing from the spirit and scope of the invention. In particular, while the 
embodiments have described spectrometers having photodetector arrays, it 
will be understood that adding secondary light sources to compliment the 
20 light spectrum of the main light source can be adapted for spectrometers 
having different signal receiving measurement means. Also, while an 
instrument having a particular wavelength operating spectrum has been 
shown by way of example, it will be understood that the teachings of the 
present invention may be extended to spectrometers operating at any range 
25 of wavelengths. It will also be appreciated by those skilled In the art that 
when more than one spectrometer is used in parallel, the method can be 
used for optimization of combined performance of the whole system to 
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obtain the best Instrument response in the working range of all of the 
spectrometers. It is therefore intended that the following claims cover all 
such changes and modifications that are within the spirit and scope of this 

invention. 
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